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Because of translational symmetry, electromagnetic
fields confined within 2D periodic optical structures can be
represented within the first Brillouin zone (BZ). In contrast, the
wavevectors of scattered electromagnetic fields outside the lattice
are constrained by the 3D light cone, the free-photon dispersion in
the surrounding medium. Here, we report that light-cone surface
lattice resonances (SLRs) from plasmonic nanoparticle lattices can
be used to observe the radiated electromagnetic fields from
extended BZ edges. Our coupled dipole radiation theory reveals
how lattice geometry and induced surface plasmon dipole
orientation affect angular distributions of the radiated fields.
Using dye molecules as local dipole emitters to excite the light-
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cone SLR modes, we experimentally identified high-order BZ edges by directional, in-plane lasing emission. These results
provide insight into nanolaser architectures that can emit at multiple wavelengths and in-plane directions simply by rotating

the nanocavity lattice.

light-cone surface lattice resonance, plasmon nanolaser, metal nanoparticle lattice, photonic Brillouin zone, radiative loss,

coupled dipole radiation theory

and structure engineering enables control over
electronic and optical properties of periodic materi-
als."” Because of the discrete translational symmetry of
an atomic crystal, the first Brillouin zone (BZ) in reciprocal
space can fully describe the electronic eigenstates and inclusive
properties.” In contrast to electrons bound in a solid, photons
in a periodic optical structure can couple to far-field radiation,”
and characteristics of the radiated photons, including the
direction, intensity, phase, and polarization, cannot be fully
represented by the first BZ. The free-photon dispersion
relation in a surrounding medium imposes an upper bound
on the magnitude of the wavevectors of photonic modes that
can interact with external fields;* this constraint for two-
dimensional (2D) optical modes is denoted as the light cone.
For example, because the dispersion relation of surface
plasmon polaritons (SPPs) on a flat metal surface is beyond
the light cone, additional momentum in the form of a periodic
grating or via a Kretschmann configuration is required to excite
SPPs with an external electromagnetic field.” Different from
SPPs, the dispersion of dielectric photonic lattices often resides
within the light cone;*™"* Lorentz reciprocity states that since
photonic lattices can be excited by external light, they can also
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radiate light into the far field via scattering, which results in
radiative loss. Photonic modes consist of both localized fields
inside the lattice and radiated fields in the surroundings.4 To
connect the external radiated fields with the localized fields,
extended BZ schemes that include the first and higher order
BZs within the light cone must be considered. In addition,
since Maxwell’s equations are vectorial, investigations of how
the vector nature of the electromagnetic fields affects radiative
losses of periodic structures are needed. However, these
studies have been limited due to the lack of materials systems
that can facilitate both light trapping and strong scattering.
Plasmonic nanoparticles arranged in a periodic array support
surface lattice resonances (SLRs) arising from the coupling of
localized surface plasmons (LSPs) and diffraction modes.> !¢
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Because plasmonic nanoparticles allow deep-subwavelength
light confinement and also serve as far-field scatterers,ls’16 the
SLR platform can provide both concentrated local fields near
the nanoparticles and strong radiation intensities outside the
lattice. Integrating gain media with nanoparticle lattices can
result in nanoscale lasing,'”~'? where the high local density of
optical states at the band edges provides optical feedback and
the corresponding in-plane wavevectors of the band-edge states
determine the emission angles. Lasing action can be used as an
effective diagnostic tool to visualize the high-symmetry points
of plasmonic lattices.””**

In this paper, we show that SLR modes on the light cone
enable the identification of photonic BZ edges. We
demonstrate that projecting the light cone onto 2D extended
BZs provides a method for predicting the energies and spatial
directions at which electromagnetic fields are scattered into 3D
surroundings. To validate this geometric construction, we
developed a coupled dipole radiation theory that reveals how
lattice geometry as well as electric dipole orientation determine
the spatial distribution of the radiated electromagnetic fields.
Using dye molecules as local excitation sources, we
experimentally probed the BZ edges of square lattices of
aluminum nanoparticles by observing their lasing character-
istics. By accessing the third through the fifth BZ edges, we also
demonstrated the azimuthal dependence of in-plane lasing at
different wavelengths by simply rotating the lattice.

RESULTS AND DISCUSSION

Figure la depicts the projection of the light cone on BZs for
square nanoparticle lattices with two different periodicities (a,
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Figure 1. Projection of the light cone on extended BZs enables
prediction of light-cone SLR modes. (a) Scheme of a light cone in
k-space, and the projection on the reciprocal space of the 2D
lattice. The three circles in the g, = 450 nm result refer to three
choices of emission wavelength, as used in later plots. (b) Design
of light-cone SLR modes at the X point of the first BZ. The gray
square indicates the first BZ. The red dashed circle indicates the
cross section of the light-cone boundary. The red dots show the
light-cone SLR modes. (c) Design of light-cone SLR modes at the
third to the fifth BZ edges. The colored areas indicate the first
(1st) to the fifth (5th) BZs.
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=225 and 450 nm). The 3D light-cone boundary in the 2D E—
k; relation corresponds to & = 90° in the A—(6,¢) angle
description, which means that the radiated light is constrained
to be in the plane of the lattice (Figure S1). Circular cross
sections of the light cone indicate the maximum in-plane
wavevector magnitude at a given photon energy, and
intersecting wavevectors of BZ edges represent the in-plane
direction of the photon radiation. Because the SLR modes in
plasmonic nanoparticle lattices are LSP-dressed Bragg
diffraction modes, i.e., lattice plasmon polaritons, the optical
band structure closely resembles the free-photon band
structure dictated by the lattice geometry.”> The empty-lattice

dispersion relation is |k + Gl = ne where k; is the wavevector
C

component parallel to the lattice plane, G is a reciprocal lattice
vector, n is the refractive index of the environment, and E is the
photon energy. Since G is defined as G = m b, + m,b, where
b, and b, are the primitive vectors of the reciprocal lattice and
my, m, € Z, the light-cone boundary can be interpreted as a
G = (0, 0) diffraction mode in the lattice (Figure S1). We
define light-cone SLR modes as band-edge SLR modes located
on the light-cone boundary that result from interference
between the G = (0, 0) mode with other diffraction modes and
where the radiated light is in-plane.

With lattice periodicity ay = 225 nm, we investigated first BZ
boundaries by light-cone SLR modes at the X point (Figure
1b). Based on the empty-lattice approximation,””** the lowest
energy band-edge mode occurs at the crossing of (1, 0) and (0,
0) diffraction orders at the X point (Figure S1). The resonance
wavelength is at visible wavelengths near the diffraction
condition A = 24, X n, where g, = 225 nm is the lattice
periodicity, and n 1.45 is the refractive index of the
environment. Projection of the light-cone boundary on the first
BZ provides a simple geometric approach to predict the
radiation properties of light-cone SLR modes: (1) the slope of
the light-cone boundary is proportional to n; (2) the shape and
size of the BZ indicate the lattice geometry and periodicity 4y,
respectively; and (3) the energies and wavevectors occur at the
intersection of light-cone boundary projected on the BZ. For
example, at the X points in the first BZ, the four intersections
in k-space denote in-plane light radiation along the + x and the
+ y directions (Figure 1b, red dots).

We increased the lattice periodicity in real space (a, = 450
nm) to reduce the sizes of all the BZs in reciprocal space so
that the third to the fifth BZ boundaries are at visible
wavelengths (Figure 1c). The nth BZ is defined as the set of
points that can be reached from the origin of the reciprocal
lattice by passing through the (n — 1)th Bragg plane; each BZ
is a valid primitive unit cell of the reciprocal lattice.” The BZ
edges correspond to the degenerate points of the Bragg
diffraction orders where band-edge SLR modes appear. At
these BZ edges, three sets of light-cone SLR modes are
observed and whose energies are proportional to the radii of
the light-cone cross sections (Figure lc, dashed red lines).
Since the high-order BZs have more complicated symmetries
compared to that of the first BZ, the radiated photons at these
light-cone SLR modes are along multiple (8, 12, and 12) in-
plane directions characterized by different azimuthal angles.
Compared to geometric methods based on reciprocal lattice
points”> and wavevector diagrams,'” our approach can (1)
capture all the band-edge states in a photonic lattice of any
geometry and (2) predict the energies and wavevectors of
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Figure 2. Radiation intensity can be manipulated by the dipole orientation because of the vector nature of electromagnetic fields. Calculated
radiation intensity distributions at the X point of the a, = 225 nm lattice with (a) x-, (b) y-, and (c) z-polarized dipole moments. The unit of
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band-edge states from the geometry of extended BZs without
needing to solve any analytical equations.

To confirm that this geometric construction can determine
angular distributions of the radiated electromagnetic fields
from light-cone SLR modes, we developed a coupled dipole
radiation theory to separate out contributions from lattice
geometry and dipole orientation (Supporting Information
Section 2, Figure S2). Far away from the lattice, the radiated
intensity distribution per lattice site I(k) from a D-dimensional
(D = 1, 2, 3) lattice of any geometry can be expressed as

. ( Nk~ K)-a; )
sin| ————
si (k K)a

()
where a; are the primitive vectors, p is the dipole moment of a
single nanoparticle, k is the wavevector of the radiated fields, K
is the Bloch vector in the lattice, N; is the number of
nanoparticles along the a; direction, and N the total number of
nanoparticles in the lattice. Our theory reveals that the lattice
geometry determines the radiation direction and that the
electric dipole orientation determines the radiation amplitude.
Unlike scalar structure factors that describe the scattering
intensities of atomic crxstals, %6 in photonic lattices, the
structure factor S = (T—kk)-p is a vector and depends on the
vectorial nature (eg. orientation) of the electric dipole. This
difference arises because photonic systems exhibit vector
eigenstates, while electronic wave functions are scalar valued.
Our theory also shows that the arrangement of electric dipoles
in non-Bravais lattices can manipulate the interference of
radiated light and thus intensity distributions (Supporting
Information Section 2).

Using the X point in the first BZ of the ay= 225 nm array as
an example, we demonstrate how dipole orientation affects the
radiation intensity distributions (Figure 2, Figure S3). To
include radiated fields from all possible SLR modes, we sum
over the electric fields from all wavevectors k; within the first
BZ with dipole LSPs orientated along the , y, and z directions,
respectively. Our calculations confirm that the emission is in-
plane and show that although diffraction directions are
determined by lattice geometry, the dipole orientations can
fully suppress radiation intensities along certain directions
through destructive interference of the radiated photons.

We experimentally evaluated the first BZ boundary of 2D
square arrays of aluminum nanoparticles. These lattices were
fabricated on fused silica using solvent-assisted nanoscale
embossing (SANE*’) and PEEL processes28 27 (ay = 225 nm,
diameter d = 70 nm, height h = 60 nm) (Figure 3a). A droplet
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Figure 3. Identification of 1st BZ using dye molecules as local
dipole excitation sources. (a) Scanning electron microscope image
of aluminum nanoparticle lattices. (b) Power-dependent lasing
spectra. Inset depicts a scheme of the directions of lasing emission.
(c) Photo of the lasing beam emitted parallel and along the lattice
plane. The blue arrow shows the polarization direction of the
pump laser. The red arrow shows the lasing emission direction.

of DCM-DMSO solution (5 mM; photoluminescence
bandwidth: 615—685 nm) was placed on the nanoparticle
lattice so that the dye molecules excited by a 400 nm fs pulsed
laser served as local probes of the light-cone SLR modes. The
transition dipole orientations of the molecules determine the
excited dipoles of the plasmonic nanoparticles,””’" and the
lasing emission direction of the dyes indicate the radiation
properties of the light-cone SLR modes. Because the dye
concentration is low (5 mM), there is only weak coupling
between dye molecules and the plasmonic nanoparticle
lattice;'®'” the SLR band structure is not modified. At low
pump intensities (<0.5 mJ/cm?), only a broad photo-
luminescence profile (full-width half-maximum (fwhm) ~ 70
nm) was observed, and the spontaneous emission exhibited no
spatial directionality (Figure 3b, Figure S4). Above a critical
pump intensity (>0.5 mJ/cm?), a narrow, intense peak above
background (A = 657 nm, fwhm ~0.5 nm) emerged, which is
characteristic of coherent photon emission, where optical
feedback is provided by hlghly confined electromagnetic fields
near the nanoparticles.'” The in-plane lasing beams were
visualized on a piece of white paper placed at the edge of the
sample, where the far-field emission directions along + x
directions (Figure 3c) show a signature of the X point in the
first BZ (Figures 1b and 2b). We note that although the in-

https://dx.doi.org/10.1021/acsnano.1c00449
ACS Nano 2021, 15, 5567—5573


http://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00449/suppl_file/nn1c00449_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00449/suppl_file/nn1c00449_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00449/suppl_file/nn1c00449_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00449/suppl_file/nn1c00449_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00449/suppl_file/nn1c00449_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00449/suppl_file/nn1c00449_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00449?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00449?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00449?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00449?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00449?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00449?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00449?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00449?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.1c00449?ref=pdf

b
S
2
>
o
5] 115
=
w
0
c E=237eV d E=223eV e E=211eV
r rr rr - -
Xr Xr XF A . A\
X7 T T F " rr . .
X F 1 XF 1 XTFN . v 1
i H r_ H r- 2 = H
| 1 L L]0 w L 1 L L )"0 11 1 L L L]0
r x r X r r x r X r r x r X r
k k k

X

Figure 4. Geometry of extended BZs enables multiple band-edge modes along different lattice directions. (a) Design of light-cone SLR
modes with three energies along different in-plane directions. The dark green, light green, and orange concentric circles indicate the light-
cone cross sections at three energies at the A, X, and X points, respectively. The dots on the concentric circles indicate the light-cone SLR
modes. (b) Band structure calculated using the coupled dipole method. An infinite array of spherical NPs (d = 80 nm) was used in the
calculations. The dark green, light green, and orange lines indicate three energy levels at the A, X, and X points. The dark green, light green,
and orange circles indicate the band-edge SLR modes in the reduced BZ. (c—e) Calculated radiation intensity distribution at the A, X, and X
points. The dark green, light green, and orange circles indicate the light cones at E = 2.37 eV, E = 2.23 eV, E = 2.11 eV respectively. The unit
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of the intensity in (c—e) is

plane scattering spectra can possibly be measured using a
passive method with a broadband light source, our active
method based on lasing exhibits orders of magnitude higher
light intensity and can selectively capture the photonic modes
only at the band edges.

Figure 4a depicts light-cone SLR modes at the third, fourth,
and fifth BZ edges based on the intersections of the light-cone
boundary and the high-order BZ edges in Figure 1c. Because of
the symmetry of the high-order BZs, these modes show
multiple in-plane radiation directions along different azimuthal
angles. After being folded back into the first BZ, the light-cone
modes at the third, fourth, and fifth zone edges are at the X (k;

= %bl)) Z(ky = %bl + ébz): and A (ky = ibl) points,
respectively. Because connections between the localized fields
and radiated fields are now possible using our coupled dipole
radiation theory (Supporting Information Section 2), all
radiated fields can now be predicted based on the high-
symmetry points in the irreducible BZ of the localized fields
('= X = M — T triangular area, Figure 4a).

We labeled the three band-edge SLR modes at E = 2.37,
2.23,and 2.11 eV on the calculated SLR band structure (Figure
4b, Figure SS5). Using these photon energies and their
wavevectors, we calculated the radiation intensity distributions
of the three sets of optical modes and plotted their projections
on the k; plane (Figure 4c—e, Figures S6—8). Although the
radiated fields are in 3D space outside the lattice, their
projection on the 2D reciprocal plane reflects the symmetry of
the photonic structure. For example, at E = 2.37 eV, the four
radiated beams from the A points inside the first BZ form a
unit cell, and k;, of all of the beams within the light cone show a
periodicity of 27r/a, along the k, and k, directions (Figure 4c).

5570

Similar periodic features of SLR modes are observed at E =
2.23 eV (X point) and E = 2.11 eV (X point) (Figure 4d,e).
The different radiation intensity distributions are determined
by the locations of the high-symmetry points in the first BZ.
Note that the combination of the square lattice symmetry and
circular light-cone cross sections results in multiple degenerate
band-edge SLR modes on the light-cone boundary. Based on
the analysis of 1D, 2D, and 3D lattices (Figure S9), we also
revealed that the dimensionality of a photonic lattice affects the
radiation intensity distribution because of interference from
the scattered light from each nanoparticle.

Probing the high-order BZs of photonic lattices exper-
imentally is challenging because multidirectional light scatter-
ing at high-order diffraction modes has large losses.”** To
investigate the third to fifth BZ edges, we fabricated 2D square
arrays of aluminum nanoparticles with increased periodicity (a,
=450 nm, d = 80 nm, h = 60 nm) on fused silica (Figure 5a).
Different from the gy = 225 nm system, we used C481 dye
molecules as the local dipole sources because their broad PL
emission spectrally overlaps all three light-cone SLR wave-
lengths. Using a 400 nm fs-pulsed laser to pump the dye, we
obtained in-plane lasing emission with three different colors
simultaneously (Figure Sb, Figure S10). By rotating the lattice,
different lasing colors were selectively captured by the detector
(Figure Sc). 522 nm lasing from the A point was at ¢ = 0°%
553 nm lasing from the X point was at ¢ = 8°; and 585 nm
lasing from the X point was at ¢ = 27° (Figure Sd), in
agreement with the angles predicted in Figure 3a. The
stretched shapes of the in-plane lasing beams (Figure Sb) are
consistent with theory, where the radiated beams show larger
divergence angles at larger 0 (Figure S8); this radiation
property is a signature of the 2D lattice symmetry (Figures S9).
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Figure 5. Tunable lasing wavelength through in-plane rotation of
plasmonic lattices. (a) Scanning electron microscope image of
aluminum nanoparticle lattices. The periodicity is 450 nm. (b)
Photo of emission beams. (c) Scheme of lasing emission directions
and color tuning by lattice rotation. (d) Lasing spectra at different
in-plane rotation angle under a pump energy of 1.58 mJ/cm>

We note that since dye emission is sensitive to pump
polarization,””*" lasing emission from all possible cavity
modes requires high pump powers (Figure Sb, Figure S11)
or the rotation of the pump polarization.

CONCLUSIONS

In summary, we directly identified high-order BZ edges in
photonic lattices by leveraging light-cone SLR modes. This
work provides critical insight into how plasmonic nanoparticles
enable investigations of radiative losses (not easily observed
with nonplasmonic lattices) because of their subwavelength
light confinement and strong scattering. We revealed that
extended BZs of a photonic lattice can account for both
localized fields inside the lattice and radiated fields in the
surroundings. Furthermore, these extended BZs in combina-
tion with the light cone provide an intuitive geometric method
to design light-cone SLRs modes that can support in-plane
lasing emission at multiple wavelengths and angles for on-chip
applications. Our studies of photonic BZ edges in plasmonic
lattices offer a design strategy to realize real-time tunable lasing
wavelengths from a single architecture by lattice rotation,
which is not possible in traditional lasers.

METHODS

Fabrication of Aluminum Nanoparticle Lattices. Al nano-
particle lattices were fabricated with a soft nanofabrication process.
First, periodic photoresist posts were generated on Si wafers by
solvent-assisted nanoscale embossing (SANE*’). Next, 8 nm of Cr
was deposited on the Si substrate by thermal evaporation followed by
the removal of the photoresist posts. After deep reactive ion etching to
create cylindrical Si pits beneath the circular Cr holes (depth ~200
nm), a hole array in a Au film was obtained by depositing 100 nm of
Au on the Cr—Si hole array. Wet etching of the Cr adhesion layer
released the Au hole film from the Si, which was then used as a
deposition mask to create plasmonic nanoparticle lattices (area ~0.5
cm?). Al nanoparticles were deposited by e-beam evaporation through
the Au hole-array mask on a fused silica substrate; the deposition
mask was removed using adhesive tape.

Lasing Measurements. A drop of DCM or C481 dye dissolved
in DMSO was sandwiched between the nanoparticle lattice and glass
coverslip. The sample was mounted on a rotational holder so that the
angle of the lattice relative to the detector could be controlled. Dyes
were optically pumped using 35 fs, 400 nm laser pulses with a
repetition rate of 100 Hz, and the circular pump spot size was ~500
pum in diameter. The 400 nm laser pulses were generated by directing
the 800 nm output from a Ti: sapphire laser into a f barium borate
(BBO) crystal to produce the doubled frequency of 400 nm pulses.
The pump energy was controlled using a variable neutral density filter.
Pulsed laser emission was collected at the edge of the sample with a
free space distance from the sample of several centimeters. Far-field
emission spectra were captured using a spectrometer and a charged
coupled device (CCD) camera. The resolution of the spectrometer is
0.1 nm.
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